Cell suspensions of Campylobacter fetus subsp. intestinalis grown microaerophilically in complex media consumed oxygen in the presence of formate, succinate, and DL-lactate, and membranes had the corresponding dehydrogenase activities. The cells and membranes also had ascorbate-N,N,N',N'-tetramethylp-phenylenediamine oxidase activity which was cyanide sensitive. The fumarate reductase activity in the membranes was inhibited by p-chloromercuriphenylsulfonate, and this enzyme was probably responsible for the succinate dehydrogenase activity. Cytochrome c was predominant in the membranes, and a major proportion of this pigment exhibited a carbon monoxide-binding spectrum. Approximately 60% of the total membrane cytochrome c, measured with dithionite as the reductant, was also reduced by ascorbate-N,N,N',N'-tetramethyl-p-phenylenediamine. A similar proportion of the membrane cytochrome c was reduced by succinate under anaerobic conditions, whereas formate reduced more than 90% of the total cytochrome under these conditions. 2-Heptyl-4-hydroxyquinoline-Noxide inhibited reduction of cytochrome c with succinate, and the reduced spectrum of cytochrome b became evident. The inhibitor delayed reduction of cytochrome c with formate, but the final level of reduction was unaffected. We conclude that the respiratory chain includes low-and high-potential forms of cytochromes c and b; the carbon monoxide-binding form of cytochrome c might function as a terminal oxidase.
Various subspecies of Campylobacterfetus are pathogenic to humans and domestic animals; they have a respiratory type of metabolism, but as microaerophiles they only grow with oxygen at low partial pressure (15) . C. fetus cannot grow anaerobically with fumarate or nitrate, whereas other species, for example, Campylobacter sputorum, acquire energy for anaerobic growth by coupling formate oxidation to the fumarate reductase system (14) . The formate-fumarate reductase system has been investigated in detail in the strict anaerobe Vibrio succinogenes and involves low-and high-potential forms of cytochrome b (11) (12) (13) .
Intact cells of C. fetus subsp. jejuni respire various substrates, and enzymes of the Krebs cycle have been demonstrated in extracts (6, 15) . Also, cytochromes b and c have been identified spectroscopically, but the terminal oxidase system is unknown (6) . Our work concerns respiratory systems in C. fetus subsp. intestinalis and was prompted by the exceptionally high concentration of cytochrome c found in cells grown microaerophilically. This paper describes some of the characteristics of the membrane-associated cytochromes of the organism with attention to their reduction by substrates under anaerobic conditions. The (16) . Difference spectrum measurements were also made with membranes reduced with 8 mM sodium ascorbate-0.8 mM N,N,N',N'-tetramethyl-p-phenylenediamine (ascorbate-TMPD). Carbon monoxide spectra were measured with dithionite-reduced preparations in anaerobic cuvettes; the (dithionite-reduced plus CO) minus (dithionite-reduced) spectra were recorded after the attainment of maximum absorbance, usually within The respiratory activities with succinate and lactate decayed within 24 h of storage at 0°C in air or argon, whereas oxygen consumption with 
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Enzyme activities in cell fractions. Varcytochrome b in ious enzyme activities were assayed in the memgure 1 shows the brane and cytoplasmic fractions ( Table 2) . teasured against Ascorbate-TMPD oxidase activity was found cyanide (trace a) only in the membrane fraction and was comd with ascorbate-pletely inhibited by 0.01 mM KCN and by 0.1 spectrum is pre-mM sodium azide. Succinate, formate, and lacial forms of cyto-tate dehydrogenase activities were also found le by ascorbate-only in the membrane fraction, as were fumarate membranes, the reductase and ferric iron reductase with formate ich was reducible or succinate as the reductant. Malate dehydro-)ximately 60% of genase (NAD) and isocitrate dehydrogenase spectrum mea-(NADP) activities were located in the cytoplasno evidence of mic fraction. Fumarate reductase and succinate dehydrogenase activities. The fumarate reductase of V. succinogenes is a membrane-associated flavoprotein which also has succinate dehydrogenase activity (11) (12) (13) . The reductase has a high affinity for fumarate and is associated with an iron-sulfur protein which is inhibited by pchloromercuriphenylsulfonate. Our Reduction of membrane cytochromes by substrates. The reduction of membrane cytochromes by formate and by succinate was determined under anaerobic conditions by difference spectroscopy with air-oxidized membranes as the reference. With freshly prepared membranes, the reduced cytochrome spectrum was evident within 1 min of the addition of substrate and had reached maximum levels within 5 min. More than 90% of the total cytochrome c was reduced with formate as the electron donor, whereas approximately 60% of the total was reduced with succinate (data not shown). The reduction level attained with succinate was similar to that attained with ascorbate-TMPD.
The observations with substrate-reduced cytochromes together with those described above with the chemical reductant (Fig. 1) suggested that the membranes contained two forms of cytochrome c. One form, designated as high potential, is accessible to the reductant derived from formate and from succinate, whereas the second form is reduced only by formate. Experiments with HQNO supported the notion of multiple cytochromes. With succinate as the reductant, the development of the cytochrome c maximum at 548 nm was greatly diminished by HQNO, and the absorbance maximum of reduced cytochrome b at 558 nm became evident (Fig. 3A) . With formate as the reductant, the final level of reduced cytochrome c was not affected by HQNO (Fig. 3B) . However, the attainment of the final level was delayed for several minutes, and during this period the absorbance maximum of cytochrome b at 558 nm was observed (data not shown).
DISCUSSION
In Fig. 4 (Fig.  4) , but the observations would also be consistent with a bypass involving cytochrome c only.
The membranes had high formate dehydrogenase and fumarate reductase activities, raising the question of why C. fetus fails to grow anaerobically in media supplemented with formate and fumarate. Growth of other species of Campylobacter occurs under such conditions, although at a slower rate and with a lower growth yield than with oxygen present (14, 15) . Possibly, oxygen may be concerned in the biosynthesis of an essential metabolite which is unavailable to the organism even in a rich medium. Heme is one such possibility; in some bacteria and in mitochondria, the oxidation of coproporphyrinogen III to protoporphyrin occurs only in the presence of oxygen (7) . Another (19) . In Beneckea natriegens, the cytochrome is located in the periplasm and is the major CO-binding pigment detectable; the high redox potential (Eo' plus 320 mV) is consistent with a terminal oxidase function (10, 17) . Methylotrophic species of Pseudomonas and Hyphomicrobium also contain CO-binding forms of cytochrome c which mediate in electron transfer from methanol dehydrogenase to a cytochrome a-a3 terminal oxidase (1, 5, 18) . The apparent abundance of the pigment in C. fetus subsp. intestinalis warrants a detailed study of its function. In C. sputorum, CO-binding cytochromes have been reported, but whether the pigment was of the b or c type could not be determined from the spectroscopic data (14 Our work does not clarify the reasons for oxygen toxicity in Campylobacter spp. Evidently, in an atmosphere of air at a low cell density, the terminal oxidase(s) is insufficient to maintain the concentration of dissolved oxygen below the inhibitory level. Possible loci of oxygen damage might be iron-sulfur proteins which participate in electron transfer reactions at low redox potentials and which are readily auto-oxidizable (20) . One such protein might be that associated with fumarate reductase which is sensitive to p-chloromercuriphenylsulfonate. The auto-oxidation of iron-sulfur proteins could give rise to radicals such as peroxides or superoxide anions, which are likely to contribute to the complexities of oxygen toxicity (2, 15) . The observation that iron salts and certain ferric iron chelates improve the tolerance of C. fetus to oxygen (2) might possibly be attributable to interactions with iron-sulfur centers, and in this context further investigation of the iron reductase system in the membranes could provide some insight.
